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Abstract 
Among various alternative approaches, installing auxiliary damping devices such as tuned mass 
dampers (TMDs) is a very reliable solution to mitigate wind-induced vibration of tall buildings. 
However, regardless of the different distribution strategies, installing TMD systems means adding 
additional masses to tall buildings. A valuable space on top of tall buildings is sacrificed to contain 
a large bulky mass, which is not aesthetically pleasing. Furthermore, increasing the mass of tall 
buildings by installing extra mass systems is not time and cost effective process. In order to address 
the issues, this paper investigates the utilization of feasible alternative for the purpose of damping 
through system integration. An emphasis is placed on ingredient design of Double Skin Façade 
which produces a damping mechanism.  Double Skin Façade is studied to mitigate the design 
limitation of the first scheme and to resolve other passive control related design issues, which is 
namely DSFD. The main purpose of this paper is to propose a new method for more effective 
damping control system and develop of further study.  
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Chapter 1 
Control of Motion 
1.1 Introduction 
Compared with the conventional classic mass damper systems, the DSFD interaction system not 
only significantly reduces the mass ratio to achieve the same target damping ratio, but also, 
provides superior environmental control between the exterior and interior. [1] 
While many studies have identified the environmental benefits of the DSF system, little parametric 
investigation has been carried out on its structural control potential. 
The flexible DSF system, with optimal damping ratio connections to primary building, proved 
effective in reducing the structural motion after being subjected to harmonic and seismic 
excitations. The theory is then extended to MDOF systems, where the TMD is used to reduce the 
vibrations of a specific mode. The paper follows with an assessment of building structures for 
optimal placement locations of TMDs. numerous examples are provided to illustrate the level of 
control that can be achieved with such passive devices for both harmonic and seismic excitations. 
The DSF system, with two layers of skins, provides superior environmental control between the 
exterior and interior. The DSF system has been gaining an increased interest for its performance-
based contribution to sustainable design through energy saving [2]  
  
1.2 Scope 
 The overall scope of this paper which is illustrate the current control system methods and 
emphasis on the new alternatives:  
 Briefly reviews literature of passive control systems past, present and future. 
 Proposes the model of passive control system and further develops of this study. 
 Optimizes interaction system of DMD, TMD and DSFD. 
 Analyses software and mathematical modeling of the proposed model. 
 Designs challenges of the DSFD system   through the interaction system.  
 Associates the classic designs compare to new proposed design. 
 Concludes that the conventional TMD/DSFD interaction system requires 
significantly less mass ratio to achieve the same target frequency.   
  
1.3 Background  
In recent years, demand for skyscrapers has been increased throughout the world. Advancements 
in technology and material engineering allow for new design concepts in creating taller and safer 
buildings. It is important to keep in mind that taller and slenderer building structures induce an 
oscillation, which is one of the most challenging limits to build taller structures. This challenge in 
constructing taller and safer buildings has created a need to increase the damping capacity of a 
structure. [3]  
1.4 Problem Statement 
One of the most critical challenges in reducing the oscillation in tall buildings is the method of 
using auxiliary mass as a damper passive system. This system is composed of a large mass located 
near the top the building for better performance and effectively reduces vibration. [3] As a result, 
a very valuable space near the top of tall buildings is sacrificed to contain large TMDs. 
In order to resolve this issue, vertically distributing multiple smaller dampers, DMDs, have been 
investigated by some researchers. [4] As the result, this paper presents advantages of DSFD 
compared to classic DTMDs. 
TMDs are usually located near the top of tall buildings for effective performance, such as the 
sliding-type TMDs in the Citicorp Building in New York and the John Hancock Building in 
Boston, and the pendulum type TMD installed in Taipei 101. When only one or two large TMDs 
are installed, they occupy a very large space near the top of tall buildings. 
By distributing DSFDs to multiple low stiffness connectors to the floors, not only the valuable 
space near the top of the building can be saved for other important and useful functions, but more 
importantly a greater safety can be achieved.  
  
Distributed s can be more easily installed with minimum disturbance to building use. 
Regardless of the different distribution strategies, however, installing TMD systems means adding 
additional masses to tall buildings. In order to address this issue, this paper investigates utilizing 
existing mass in buildings for the purpose of damping through systems integration. [5] 
Furthermore, The DSF system, with two layers of glasses, provides superior environmental control 
between the exterior and interior. Using Façade on tall buildings been gaining increased interests 
due to its performance-based contribution to sustainable design through energy savings. [6] 
Not only vertical but also horizontal distribution of multiple TMDs has been studied by many 
researchers, such as Kareem and Klein (1995) and Yamaguchi and Harnpornchai (1993) [7]. But 
less studies carry out using buildings self-weight to increase dynamic resistance.  
  
1.5 Objectives and Contributions 
This first chapter initiate with an introductory of problem definition, the current solutions and 
further study of alternative techniques. Chapter two, a brief literature review of control system 
applications with emphasis on Passive Control System in tall buildings with emphasizes on Tuned 
Mass Dampers (TMDs) design and present the method used how to optimize the damping ratio in 
passive control system. A brief description, implementations of tuned mass dampers in tall 
structure. Chapter three, rigorous theory of tuned mass dampers systems subjected to harmonic 
force excitation and harmonic ground motion in discrete modal analysis. Various cases, including 
TMDs, DMD (Distributed DTMDs) and Double Skin Façade (DSF) on SDOF system. 
And proposed a new type of mass damper system to ingredient structural and environmental 
control system which namely called Double Skin Façade DFS. 
In chapter number five, by analytical approach, investigate the potential of the DSF system as a 
structural motion control device in tall buildings regarding to dynamic motions. 
In chapter six by numerical solutions plus software modeling, illustrate inner and outer skins 
façade with very low axial stiffness (DSF) can be significantly effective to reduce motions.  
Based on the results, in chapter seven, demonstrate proposed DSF is more effective than classic 
DMD and TMDs at the same damp ratio, particularly at excitation frequencies near resonance. 
  
Chapter 2 
Literature Review 
This chapter provides a summary of current literature. The applications of the dynamic control 
system. An overview of the existing technology currently used and briefly reviews of latest 
dynamic passive control system using in mega tall buildings and further develops this study. 
2.1 Introduction 
Tall buildings began from about 10-story in the late 19th century and since then as of 2016, 132 
buildings which completed and reached a height of 984ft (300 Meters) which are namely called 
Mega tall As it shown in .[6] As today’s tall buildings become ever taller and slenderer, wind-
induced vibration is a serious design issue. 
The control of structural vibrations produced by earthquake or wind can be done by various means 
such as modifying rigidities, masses, damping, or shape, and by providing passive or active counter 
forces. To date, some methods of structural control have been used successfully and newly 
proposed methods offer the possibility of extending applications and improving efficiency. 
The selection of a particular type of vibration control device is governed by a number of factors 
which include efficiency, compactness and weight, capital cost, operating cost, maintenance 
requirements and safety. 
The conventional seismic design of building structures is based on the inelastic behavior of some 
structural members due to earthquake input energy. By using dampers, one can concentrate the 
input energy dissipation at pre-defined locations and prevent inelastic behavior in primary gravity 
load-resisting structural elements. These dampers dissipate seismic input energy. 
  
 
Figure 1. Definition of Super tall and Mega tall buildings by Sun Kim | December 11, 2016. 
 
2.2 Control System methods and applications 
All vibrating structures dissipate energy due to internal stressing, rubbing, cracking, plastic 
deformations, and so on; the larger the energy dissipation capacity the smaller the amplitudes of 
vibration.  
Some structures have very low damping of the order of 1% of critical damping and consequently 
experience large amplitudes of vibration even for moderately strong earthquakes. Methods of 
increasing the energy dissipation capacity are very effective in reducing the amplitudes of 
vibration. Many different methods of increasing damping have been utilized and many others have 
been proposed. [7] 
  
2.2.1 Active control  
Active control is a dynamic control system which namely subfield of structural engineering. It can 
modify the system by getting the information from the responses. It’s used more complex systems 
to make it cost and energy efficient to passive systems  
Definition 
‘Active control system has been as any control system in which an external power source is 
required to provide additional forces to the structure in a prescribed manner, by the use of 
actuators.’ [8] The signals are sent to controller and according to a software program, determine 
the response from the sensors provided on or through the structure. Due to the presence of an 
external power source, the force applied may either add or dissipate energy from the structure. To 
optimizing the performance of an active system, the forces are considered in real-time base on the 
inputs of the sensors. The direction and magnitude of these forces can be assigned in the variety 
of ways, all of which have their roots in the diverse and mathematically rich field of control 
engineering. [8] 
Advantage and limitations  
The performance of active control is quite noticeable in some circumstances. Due to its proficiency 
to respond in real-time, active control reduces most of the tuning negatives characteristic in passive 
devices. [9] However, active control has not been wildly embraced by the civil engineering 
municipal because of some significant limitations. Most significant advantage of active control 
method is diminishing by their heavy reliance on external power supplies. The power consumption 
and cost is comparatively large for output of certain magnitude forces necessary to control large 
civil structures by the actuator. Additionally, there may be situation at which the control forces are 
needed coincides with the time when the power cut is the most likely, such as during an earthquake 
  
or large wind storm. [9] This raises question on reliability concerns. Beyond the issue of energy 
supply, engineers also hesitate to embrace non-traditional technologies for structures. The 
placement of sensors and the design of feedback schemes are also beyond the scope of most 
practicing engineers, and poorly designed active system may lead to deleterious energy inputs and 
destabilization of the primary system. 
2.2.2 Semi-active control 
Semi active control performed on the benefits of active control and the reliability of passive 
control, which makes it a much more appealing alternative to traditional control scheme in civil 
structures. [8] 
Definition 
Semi active control systems are similar to active control system on the same principle. In contrast, 
compare to active control system the external energy requirement is smaller. These strategies have 
an inherent stability in terms of bounded-input and output as these do not add mechanical energy 
to the primary system. [8] As the result, it can be considered as passive control device. Semi-active 
control are acting based on the reactive forces which are developed due to variable stiffness or 
damping devices rather than application of actuator forces. In another words, by changing the 
properties of these devices, using only nominal power the response of the system may be favorably 
modified. As a result, semi-active control methods appear to combine the best features of fully 
active and fully passive systems, leaving them as the best in term acceptance for structural control. 
[9] 
Advantages and Limitation 
The best advantage of semi-active systems is required very low energy. Their ability to maximize 
control forces with minimal demand for power. As the power can be supplied by a battery, which 
  
ensures continued functionality even at power failure, adding reliability to any semi-active control 
method. Because of these benefits that enthusiasm towards the semi-active structural control 
schemes has increased in recent years, making it a viable alternative to proven passive devices. 
While these advantages are in some case truly significant, semi-active control still has its 
detractors. Most relevant is the need for sensors technology and computer controlled feedback, 
which is as central to semi-active controls to active control. [8] 
2.2.3 Hybrid Control 
Hybrid systems which are considered between passive and active control system. In terms of 
procedure they are the combined use of passive and active control system. In instance, a base 
isolated structure which is equipped with actuator which actively controls the enhancement of its 
performance. [9] 
2.2.4 Passive Control 
Passive Control System which is one of the most cost and time effective method to reduce the 
bouncy in tall buildings natural disaster. And the system is based on low axial stiffness connectors 
and damping between the auxiliary masses which mounted on the primary mass. [13] 
Definition 
A tuned mass damper (TMD) is a device consisting of a mass, a spring, and a damper that is 
attached to a structure in order to reduce the dynamic response of the structure. The frequency of 
the damper is tuned to a particular structural frequency so that when that frequency is excited, the 
damper will resonate out of phase with the structural motion. Energy is dissipated by the damper 
inertia force acting on the structure. The TMD concept was first applied by Frahm in 1909 (Frahm, 
1909) to reduce the motion of ships as well as ship hull vibrations. [14] 
  
Passive energy dissipation systems utilize a number of materials and devices for enhancing 
damping, stiffness and strength, and can be used both for natural hazard mitigation and for 
rehabilitation of aging or damaged structures. 
In recent years, efforts have been undertaken to develop the concept of energy dissipation or 
supplemental damping into a workable technology and a number of these devices have been 
installed in structures throughout the world.  
In general, they are characterized by the capability to enhance energy dissipation in the structural 
systems in which they are installed. This may be achieved either by conversion of kinetic energy 
to heat, or by transferring of energy among vibrating modes. [15]  
  
2.3. Applications of TMDs on passive systems 
The passive absorber can be classified as: 
 
 
Figure 2. Auxiliary Damping Systems. 
 
2.3.1 Metallic Yield Dampers 
The first method includes devices that operate on principles such as frictional sliding, yielding of 
metals, phase transformation in metals, deformation of viscoelastic solids and fluids. The later 
method includes supplemental oscillators, which act as dynamic vibration absorbers. 
  
 
Figure 3. Friction Sliding. 
 
One of the effective mechanisms available for the dissipation of energy, input to a structure from 
an earthquake is through inelastic deformation of metals. The idea of using metallic energy 
dissipaters within a structure to absorb a large portion of the seismic energy began with the 
conceptual and experimental work of Kelly et al. (1972) and Skinner et al. (1975).[16][17] Several 
of the devices considered include torsional beams, flexural beams, and V-strip energy dissipaters. 
Many of these devices use mild steel plates with triangular or hourglass shapes so that yielding is 
spread almost uniformly throughout the material. A typical X-shaped plate damper or added 
damping and stiffness (ADAS) device is shown in Figure 3 Friction Sliding. 
 
Figure 3. Typical X-shape plate damper. 
  
2.3.2 Friction Dampers  
Friction provides another excellent mechanism for energy dissipation, and has been used for many 
years in automotive brakes to dissipate kinetic energy of motion. In the development of friction 
dampers, it is important to minimize stick-slip phenomena to avoid introducing high frequency 
excitation. Furthermore, compatible materials must be employed to maintain a consistent 
coefficient of friction over the intended life of the device. [16] The Pall device is one of the damper 
elements utilizing the friction principle, which can be installed in a structure in an X-braced frame 
as illustrated in the figure (Palland Marsh 1982). 
 
Figure 4. X-braced frame and Pall Friction Damper. 
 
2.3.3 Viscoelastic Dampers  
The metallic and frictional devices described are primarily intended for seismic application. But, 
viscoelastic dampers find application in both wind and seismic application. Their application in 
civil engineering structures began in 1969 when approximately 10,000 viscoelastic dampers were 
installed in each of the twin towers of the World Trade Center in New York to reduce wind-induced 
  
vibrations. [17] Further studies on the dynamic response of viscoelastic dampers have been carried 
out, and the results show that they can also be effectively used in reducing structural response due 
to large range of intensity levels of earthquake. Viscoelastic materials used in civil engineering 
structure are typical copolymers or glassy substances. A typical viscoelastic damper, developed by 
the 3M Company Inc., is shown in Fig. It consists of viscoelastic layers bonded with steel plates. 
 
Figure 5. Metallic Frictional Damper. 
2.3.4 Viscous Fluid Dampers  
Fluids can also be used to dissipate energy and numerous device configurations and materials have 
proposed. Viscous fluid dampers, are widely used in aerospace and military applications, and have 
recently been adapted for structural applications. [18] Characteristics of these devices which are 
of primary interest in structural applications, are the linear viscous response achieved over a broad 
frequency range, insensitivity to temperature, and compactness in comparison to stroke and output 
  
force. The viscous nature of the device is obtained through the use of specially configured orifices, 
and is responsible for generating damper forces that are out of phase with displacement. 
 
Figure 6. Configured generating damper forces of phase with displacement. 
 A viscous fluid damper generally consists of a piston in the damper housing filled with a 
compound of silicone or oil [19]. A typical damper of this type is shown in Fig. 8 
 
Figure 7. A viscous fluid damper generally consists of a piston in the damper housing filled with a compound of silicone or oil. 
2.3.5 Tuned Liquid Dampers 
A properly designed partially filled water tank can be utilized as a vibration absorber to reduce the 
dynamic motion of a structure and is referred to as a tuned liquid damper (TLD). Tuned liquid 
damper (TLD) and tuned liquid column damper (TLCD) impart indirect damping to the system 
and thus improve structural performance [19].  
  
 
Figure 8. Tuned Liquid Dampers TLD absorbs structural energy by means of viscous actions of the fluid and wave breaking. 
 
Tuned liquid column dampers (TLCDs) are a special type of tuned liquid damper (TLD) that rely 
on the motion of the liquid column in a U-shaped tube to counter act the action of external forces 
acting on the structure. The inherent damping is introduced in the oscillating liquid column through 
an orifice. 
 
Figure 9. The inherent damping is introduced in the oscillating liquid column through an orifice. 
 
The performance of a single-degree-of-freedom structure with a TLD subjected to sinusoidal 
excitations was investigated by Sun (1991), along with its application to the suppression of wind 
induced vibration by Wakahara et al. (1989). Welt and Modi (1989) were one of the first to suggest 
the usage of a TLD in buildings to reduce overall response during strong wind or earthquakes. [19] 
  
2.3.6 Tuned Mass Dampers  
The TMD concept was first applied by Frahm in 1909 to reduce the rolling motion of ships as well 
as ship hull vibrations. A theory for the TMD was presented later in the paper by Ormondroyd and 
Den Hartog(1928),followed by a detailed discussion of  optimal tuning and damping parameters 
in Den Hartog‘s book on mechanical vibrations (1940).[13] [21] 
The concept of the tuned mass damper (TMD) dates back to the 1940s [13][21]. It consists of a 
secondary mass with properly tuned spring and damping elements, providing a frequency-
dependent hysteresis that increases damping in the primary structure. The success of such a system 
in reducing wind-excited structural vibrations is now well established. Recently, numerical and 
experimental studies have been carried out on the effectiveness of TMDs in reducing seismic 
response of structures [22] 
 
Figure 10. The action of external forces acting on the structure. The inherent damping is introduced in the oscillating liquid 
column through an orifice. 
 
Figure 11. The inherent damping is introduced in the oscillating liquid column through an orifice. 
 
  
The performance of a single-degree-of-freedom structure with a TLD subjected to sinusoidal 
excitations was investigated by Sun (1991), along with its application to the suppression of wind 
induced vibration by Wakahara et al. (1989). Welt and Modi (1989) were one of the first to suggest 
the usage of a TLD in buildings to reduce overall response during strong wind or earthquakes. [20] 
2.3.6 Tuned Mass Dampers  
The concept of the tuned mass damper (TMD) dates back to the 1940s. It consists of a secondary 
mass with properly tuned spring and damping elements, providing a frequency-dependent 
hysteresis that increases damping in the primary structure. The TMD concept was first applied by 
Frahm in 1909 to reduce the rolling motion of ships as well as ship hull vibrations. A theory for 
the TMD was presented later in the paper by Ormondroyd and Den Hartog(1928),followed by a 
detailed discussion of  optimal tuning and damping parameters in Den Hartog‘s book on 
mechanical vibrations (1940). [35] 
 
Figure 12. TMDs secondary mass with properly tuned spring and damping elements, providing a frequency-dependent hysteresis 
that increases damping in the primary structure. 
 
Tuned mass dampers (TMD) have been widely used for vibration control in mechanical 
engineering systems. In recent years, TMD theory has been adopted to reduce vibrations of tall 
buildings and other civil engineering structures. [23] Dynamic absorbers and tuned mass dampers 
  
are the realizations of tuned absorbers and tuned dampers for structural vibration control 
applications. The inertial, resilient, and dissipative elements in such devices are: mass, spring and 
dashpot (or material damping) for linear applications and their rotary counterparts in rotational 
applications. Depending on the application, these devices are sized from a few ounces (grams) to 
many tons. Other configurations such as pendulum absorbers/dampers, and sloshing liquid 
absorbers/dampers have also been realized for vibration mitigation applications. [24] 
 
Figure 13. Classic design of a TMD is based on a simple two-mass analogy. 
The classic design of a TMD is based on a simple two-mass analogy in which the tuned mass is 
connected to the structural mass with a spring and a viscous damper. In a flexible multi-degree-of-
freedom structure the tuned mass absorber is typically introduced to provide damping of a specific 
mode. The motion of the point of attachment of the tuned mass absorber to the structure has not 
only a contribution from the targeted mode, but also a background contribution from other non-
resonant modes. [25] 
2.3.7 Pendulum Tuned Mass Damper (PTMD) 
Similarly, the force provided by the tuned mass absorber is distributed between the targeted mode 
and the background modes. It is demonstrated how this effect can be included via a non-
dimensional dynamic background flexibility coefficient, extracted from a classic modal analysis 
for the particular frequency of the selected mode. An explicit calibration procedure is developed 
  
starting with the desired maximum amplification, from which the device damper, mass and 
stiffness are determined, accounting for the background flexibility. [26] 
 
Figure 14. Taipei 101 is designed to withstand the typhoon winds and earthquake tremors that are common in the area east of 
Taiwan 
 
The simple pendulum tuned mass damper concept has a serious limitation. Since the period 
depends on L, the required length for large Td may be greater than the typical story height. For 
instance, the length for Td = 5 meters whereas the story height is between 4 and 5 meters. This 
problem can be eliminated by resorting to the scheme illustrated in Figure 14.  
 
Figure 15. Taipei 101 
 
  
 
Figure 16. Free Body Diagram Movement of the floor excites the pendulum. 
 
The interior rigid link magnifies the support motion for the pendulum and results in the following 
equilibrium equation:  
Equation 1 Movement of the floor excites the pendulum. 
 
Equation 2 
 
Equation 3 & Equation 4 
 
Equation 5 
 
Equation 6 
 
  
Equation 7 
 
The relative motion of the pendulum produces a horizontal force that opposes the floor motion. 
This action can be represented by an equivalent SDOF system that is attached to the floor, as 
indicated in Figure 14. The equation of motion for the horizontal direction is: 
 
2.3.8 Electromagnetic Damper: 
The concept of an electromagnetic damper can be classified as new era of tuned mass damper in 
tall building. The latest one as it shown in Fig 15 is utilized in Beijing tower. 
 
  
 
Figure 17. Electromagnetic Damper in Beijing 2016 
 
2.4 Multiple Tuned Mass Dampers (MTMDs) 
Multiple tuned mass dampers (TMD's) with distributed over a frequency range is an integral form 
for the impedance is developed by asymptotic techniques. The result is used to analyze the 
vibration control capabilities. Calculus of variations is used to optimize the design of the TMD's 
with a constraint on the total mass. It is found that multiple TMD's can be more effective and more 
robust than a single TMD with equal total mass. [27] 
2.4.1 Dynamic Analysis of Distributed Tuned Mass Dampers  
The first mode response of a structure with TMD tuned to the fundamental frequency of the 
structure can be substantially reduced but, in general, the higher modal responses may only be 
marginally suppressed or even amplified. To overcome the frequency-related limitations of TMDs, 
more than one TMD in a given structure, each tuned to a different dominant frequency, can be 
used. [28] [29] 
  
 
Figure 18.  MTMD Model 
 
 
where M, C and K are, respectively, the mass, damping and stiffness matrixes of the NDOF 
structural system while m, c and k are the mass damper parameters; F(t) and g(t) are the external 
loads acting on the structure and TMD, respectively; p(t) = cż (t)+kz(t); yi(t) is the absolute lateral 
displacement of the building relative to its base; z(t) is the relative displacement of the TMD with 
respect to the floor where it is installed; D is a localization vector. [30] 
 
Figure 19. Frequency Response 
 
2.5.2 DMDs Analytical Approach  
The concept of multiple tuned mass dampers together with an optimization procedure was 
proposed by Clark (1988) [31]. Since, then, a number of studies have been conducted on the 
  
behavior of MTMDs a doubly tuned mass damper (DTMD), consisting of two masses connected 
in series to the structure was proposed [32]. In this case, two different loading conditions were 
considered: harmonic excitation and zero- mean white-noise random excitation, and the efficiency 
of DTMDs on response reduction was evaluated. Analytical results show that DTMDs are more 
efficient than the conventional single mass TMDs over the whole range of total mass ratios, but 
are only slightly more efficient than TMDs over the practical range of mass. [33] 
 
 
 
Figure 20. DMDs Series 
 
Figure 21. DMDs Parallel 
  
 
Figure 22. DMDs Line 
 
Figure 23. Fixed 
 
  
  
Chapter 3  
Double Skin Façade  
Introduction 
This chapter presents the DSF which is distributing the mass of outer skin into multiple small 
TMDs over the building. In another word, it converts the outer skin of building in to an effective 
single TMD or Multiple TMDs. 
Develop this chapter by proposing the new model and research the dynamic approach to find the 
equation of motion and shape mode in distributing multiple TMDs and DSFD as a self-weight 
façade.) 
3.1 Background 
The double skin façade incorporates the passive design strategies of natural ventilation, daylighting 
and solar heat gain into the fabric of the high-rise building which are the key components of the 
system.  
The essential concept of the Double Skin Façade was first explored and tested by the Swiss-French 
Architect Le Corbusier in the early 20th century which is called neutralisant (neutralizing wall). 
[35] [36] 
American engineers Harvey, Harvey Bryan 1970, developed the system in to efficient sustainable 
energy by conventional air system. Harvey Bryan also optimized the design system and convert 
solar energy in to heating air circulation. [37] [38] 
  
 
Figure 24. Building Design Renewed Interest in Concept 
 
Since the USGBC rewards points for reduction in energy consumption vs. a base case, this strategy 
has been used to optimize energy performance of buildings 
 
Figure 25.  The Double Skin Façade is based on the notion of exterior walls that respond 
 
  
 
Figure 26. For the majority of mainstream architects, double skin technology remains elusive. 
 
 
Figure 27. Since the USGBC rewards points for reduction in energy consumption vs. a base case, this strategy has been used to 
optimize energy performance of buildings 
 
Dynamically to varying ambient conditions, and that can incorporate a range of integrated sun 
shading, natural ventilation, and thermal insulation devices or strategies. 
From perspectives of both knowledge and budget, double skin systems are often beyond the scope 
of most commercially driven, North American projects. The question arises as to whether double 
  
skin buildings truly are more environmentally responsible and sustainable, North American 
commercial architecture missing out on potential energy and environmental savings. [39] 
  
  
 
3.2 THE COMPONENTS OF DOUBLE SKINS FAÇADES 
 
Figure 28. The connection between External Layer and Internal Layer can be design as viscous Damper 
 
 
Figure 29. Double Skin Façade connected with beams with more deflective behaver 
 
  
 
Figure 30. Example of Flexible Façade 
 
 
Figure 31.  Flexible Façade components 
 
3.3 DSF Dynamics Modeling System 
This chapter emphasis on the vertically-distributed multiple TMDs depend on the vertical location 
of the TMD, and how their optimal tuning frequency ratio and the damping ratio should be adjusted 
accordingly for optimal performance. Further, this paper investigates the potential of utilizing 
  
existing masses in tall buildings for damping purposes. An emphasis is placed on studying the 
integrative design of double-skin facades (DSF) to produce damping mechanisms. [40] 
3.4 Background 
Vertical distribution of TMDs has rarely been investigated. Bergman et al. (1989) presented the  
In order to understand the behavioral characteristics of the proposed system clearly, the primary 
structure and the DSF outer skin are simplified and modeled as a multi degrees of freedom system 
shown in Fig. 30. [41] 
 
Figure 32. A simplified DSFD system model. 
 
The system is composed of the primary mass (M), which corresponds to the primary building 
structure including the inner 
  
The system is composed of primary mass, which corresponds to the primary building structure 
including the inner skin of the DSF system, and the secondary mass, which corresponds to the 
outer skin of the DSF system. 
The two masses are connected by low-axial-stiffness spring and damper components. Sinusoidal 
load, which represents simplified dynamic wind load, especially the vortex-shedding condition, is 
applied to the secondary mass in order to anticipate the system performance. [42] 
 
Figure 33 
 
To solve the governing equations of the primary mass and the dampers simultaneously, equations 
are combined to form the following: 
Now that a single equation has been developed that governs the response of the system, steps may 
be taken to solve the differential equation for the displacement vector, U. Since the damping 
systems investigated in this study are more effective for vortex shedding, rather than seismic 
excitation, the loading scenario in this derivation is assumed to be periodic. As with periodic 
excitations, it is convenient to work in the frequency domain and with complex quantities. 
  
3.5 Design Strategies  
To mitigate induced vibrations of tall buildings, present the DSFD with low stiffness connectors 
and the DSFD interaction system can be distributed its mass over multiple upper floors of tall 
building without reduction of effectiveness. 
This is carried out repeatedly with various values for important system design parameters, such as 
DSF outer skin mass ratio, DSF connector stiffness and DSF connector damping. The inherent 
damping ratio of the primary building structure is assumed to be 1%. [43][50][51][53] 
Performing equilibrium at each node and each damper lead to the following equations of motion: 
  
  
3.5.1 Model #1: The Equations for Motions N-story Building with DMDs
 
Figure 34.  Building is composed of distributed mass 
dampers 
Equation 8 equilibrium at each node and each damper lead 
to the following equations of motion 
 
 
 
 
  
Where M, C, and K are the mass, damping, and stiffness matrices of the building, whereas Md, 
Cd, and Kd are the corresponding corrections resulting from the existence of TMDs. These 
matrices for a shear building with lumped masses are: 
Equation 9 Damping Matrix 
 
Equation 10 Mass Matrix 
 
 
Equation 11 
Cs= α1 Ms + α2 Ks 
Respectively, considering the effect of 
TMDs; these matrices are defined as 
Where mi and ki are the mass and stiffness of 
story, respectively, α1 and α2 are constants 
derived using the damping ratio of the first 
two fundamental structural periods. 
  
For each TMD number (i) installed on a floor 
(f), the property matrices that account for 
such a TMD can be formed as follows:  
Equation 12 Properties of matrices 
 
Where Kdi, ξdi, and ωdi are the stiffness, 
damping ratio, and frequency, respectively, 
of TMD number i. The mass of the TMD at 
floor f   is defined as equation below, where 
mf is the mass of floor f and ρi is the story-
TMD mass ratio for story-TMD 
number equation  
Equation 13 
 
The structure equation of motion is then 
solved using the Newmark-β procedure [44], 
which gives the nodal displacement, velocity, and acceleration vectors at each time step. 
where A is an arbitrary sinusoidal load amplitude, ω   is the frequency of wind excitation, Xg is 
the earthquake ground acceleration, and I is the unit direction influence vector defined here for 
both earthquake and wind loads as a unit vector of size N + Nd, where Nd is the number of stories 
used as TMDs. 
Respectively, considering the effect of TMDs these matrices are defined as: 
 
Equation 15 the Newmark-β procedure 
Fw=Asin (ωt)IFw=Asin (ωt) I 
FQ=−MIxg 
  
Equation 14 the Newmark-β procedure 
(
Ẋ
Ẍ
) = [
0 I
−M −M−1
] (
X
Ẋ
) + [
0 0
−1 M−1
] (
Xg̈
f
)
 
Where mi and ki are the mass and stiffness of story, respectively, α1 and α2 are constants derived 
using the damping ratio of the first two fundamental structural periods. 
For each TMD number (i) installed on a floor (f), the property matrices that account for such a 
TMD can be formed as follows:  
Where Kdi, ξdi, and ωdi are the stiffness, damping ratio, and frequency, respectively, of TMD 
number i. The mass of the TMD at floor f   is defined as equation below, where mf is the mass of 
floor f and ρi is the story-TMD mass ratio for story-TMD number equation  
The structure equation of motion is then solved using the Newmark-β procedure [46], which gives 
the nodal displacement, velocity, and acceleration vectors at each time step. where A is an arbitrary 
sinusoidal load amplitude, ω   is the frequency of wind excitation, Xg is the earthquake ground 
acceleration, and I is the unit direction influence vector defined here for both earthquake and wind 
loads as a unit vector of size N + Nd, where Nd is the number of stories used as TMDs [45]  
Equations 14
Fw=Asin (ωt) IFw=Asin (ωt) I 
FQ=−MIxg 
(
Ẋ
Ẍ
) = [
0 I
−M −M−1
] (
X
Ẋ
) + [
0 0
−1 M−1
] (
Xg̈
f
) 
  
3.5.2 Model #2 Dynamic Body Diagram 
 
Figure 35. Free Body Diagram of DMDs of Façade. 
 
3.5.3 Model # 3: Dynamic Body Diagram 
Analytical Evaluation 
Discrete model and free body diagram techniques is used to evaluate the system response. The 
model, four floors evaluated system under forced vibrations in order to validate the data and 
understand the system with vibration. 
The forced vibration is conducted by introducing an input frequency similar to an El Centro 
earthquake. It is performed in the presence and absence of the damping system to show the 
effectiveness of damping the dynamics of structure due to base excitation.  
  
 
Figure 36. Self-weight outer Skin Structural dynamics. 
 
Consider a multiple DSF damper system with n stories and l dampers where n = l. Here, r is a 
scalar vale, implying that l is chosen to be able to divide n. For example, a 4 story structure can 
have 4 DSF dampers with each damper attached to 4 floors. This system with evenly divided DSF 
dampers is selected for simplicity and scalability in simulations. The equations of motions for the 
n –story structure with DSF dampers can be expressed as 
Equation 14 
 
Equation 15 
 
Equation 16 Mass Matrices 
 
  
Equation 17 façade Mass Matrices 
 
Equation 18 
 
Equation 19 
 
Equation 20 
 
C taken a similar form as K and X= [x1, x2, x3…. Xn and Xnd]T  
Mi and Mdi= the masses of the ith floor and of the damper attached to the ith floor, respectively 
ki and kdi= the stiffness coefficients of the ith story and between the ith floor and the ith damper, 
respectively 
xi and xdi = the ith floor displacement relative to the ground and the ith damper displacement relative 
to the ith. 
  
 
Equation 21 
(
?̇?
?̈?
) = [
0 𝐼
−𝑀 −𝑀−1
] (
𝑋
?̇?
) + [
0 0
−1 𝑀−1
] (
𝑋?̈?
𝑓
) 
For earthquake loads, f is assumed to be zero and u depends only on the ground acceleration. Two 
different classes of earthquake excitations are used herein. First, a Kanai-Tajimi stochastic model 
of an earthquake ground motion [48] is used, with which the passive and active response statistics 
can be computed in closed form by solving a Lyapunov equation that is much faster than a time-
history response simulation. [49][51][53] 
Equation 22 Lyapunov equation 
 
 
3.6. Damping Coefficient 
Where wd is the damper frequency, and ws is the modal frequency of the structure.  
The parameters that need to be tuned are:  
md - The damper mass 
 cd  - The damping coefficient  
 kd  - The damper stiffness  
In order to find optimal values for these parameters, we can employ the formulas from 
Warburton’s Optimum absorber parameters for various combinations of response and excitation 
parameters:  
  
Equation 23 
wd
2
ws2
=
2 + μ
2(1 + μ)2
 
Where, from the known mass ratio and the mass of the floors of the model structure, we can 
obtain the mass of the damper. 
Equation 24, 𝜇 is the ratio of the damper mass to the structure mass 
μ = md/ms 
And we can find ws
2 from the following formula: 
Equation 25 It is the ratio of the structure stiffness to the structure mass 
 
ws
2 = ks/ms 
Then, wd
2 is the ratio of the damper stiffness to the damper mass, and it can be obtained with the 
following formula: 
Equation 26 ratio of the damper stiffness 
wd
2 = kd/md 
Now that the optimal damper mass, stiffness, and frequency is known, we can find the damping 
coefficient by first obtaining the non-dimensional damping coefficient γ, from the following 
formula formula (McNamara 1977; Waburton 1982) 
Equation 27 
γopt = √
μ(4 + 3μ)
8(1 + μ)(2 + μ)
 
Now, we can proceed to finally find the damping coefficient: 
  
Equation 28 
cd = 2γoptωdmd 
With all of the optimal parameters found, we can proceed to tune the damper mass 
  
  
Chapter 4 Numerical Chapter 
4.1. Assumptions 
The DSF mass damper system is analyzed by simulating a 4 story linear shear building model with 
a 1% ~ 3% damper mass ratio (relative to the primary structural mass). 
Typically, mass damper systems use damper mass ratios less than 2%. This is because damper 
masses are kept small to avoid introducing extra weights to the structure.  
In the proposed system, DSFs are part of the existing architectural systems in a building, has 10% 
of primary structure weigh1t.  
4.2 Method 
In this method inertial component associated with any rotational degree of freedom is considered. 
The mass matrix is symmetric but not diagonal. The consistent mass matrix for a beam element is 
given below. 
Equation 29 
 
Equation 30 
 
Where ρ = Density of the beam material 
                                                 
1 1 Building façade systems and their weights can vary significantly from one building to another. Given that they 
form the entire surfaces of buildings, building façades are not light, especially in DSF in which there are two layers 
of glasses. In this study, the author assumes the DSFs will account for 10% of the overall structural mass. 
 
  
4.2.1 Stiffness Matrix  
The stiffness matrix is also symmetric matrix. The elemental stiffness matrix for a beam or a frame 
element considering axial deformation is given below. 
Equation 31 Stiffness Matrices 
 
Where,  
E = Young’s Modulus of the frame material.  
A = Cross sectional area of the element.  
L = Length of the element. 
 
4.3 Coordinate Global System 
The matrices formulated in the above section are for a particular element in local coordinate system 
(along the length of each element). A frame element consists of number of node and element. 
Hence each element matrix will vary according to its local axes orientation. To assemble the 
matrices each element matrix is transformed to global coordinate system. It is clear that the plane 
frame element has six degree of freedom – three at each node (two displacements and a rotation). 
The sign convention used is that displacements are positive if they point upwards and rotations are 
positive if they are counter clockwise. Consequently, for a structure with n nodes, the global 
stiffness and mass matrix ([K], [M]) will be 3n X 3n (since it has three degrees of freedom at each 
node). The global stiffness and mass matrix ([K], [M]) is formed by assembling the transformed 
elemental stiffness and mass matrix ([Ke], [Me]) by making calls to the MATLAB function Plane 
Frame Assemble which is written specially for this purpose. 
  
 
Figure 37. Coordinate transformation for 2D frame. 
 
In the fig33.the local and global nodes are 1,2and i, j respectively. Similarly, local and global axes 
are x, y and X, Y respectively.  
Let T be the transformation matrix and C=Cosα, S=Sinα for the frame element, which is given by 
Equation 32 using the transformation matrix, [T] the matrices for the frame element in the global coordinate system become 
 
 
 
4.4 Dynamic Equilibrium Equation of Structure 
The dynamic response of a structure at any instant of time t under an excitation force is defined by 
its displacement u (t), velocity u̇ (t) and acceleration ü (t). The total force acting on a structure is 
resisted by its inertia F (t) I, damping F (t) D and stiffness F (t) S component of reactive force. The 
force equilibrium equation of a structure at any instant of time of t, subjected to dynamic load F 
(t) can be expressed by the following equation 
  
Equation 33 
 
Where, m= mass of the system.  
c = damping of the system  
k= stiffness of the system 
For multi degree of freedom system corresponding equation of motion become 
Equation 34 multi degree of freedom system corresponding 
 
Where, [M] = the global mass matrix of structure.  
[C] = The global damping matrix of the structure.  
[K] = The global stiffness matrix of the structure.  
U (t) = Absolute nodal displacement.  
U̇ (t) = Absolute nodal velocity. 
Ü (t) = Absolute nodal acceleration.  
F (t) = Force vector. (For earthquake loading F (t) = - [M]. Üg (t))  
Üg (t) = Ground acceleration due to earthquake.  
The effect of TMD can be considered by adding extra opposite nature force to forcing function. 
  
 
4.5.1 Model 1 
Building is discrete as. The preliminary dimension of the frame, member size and material 
properties are given below.  
 
Figure 38. Discrete Model. 
Total Mass each floor M =20010e3 lb 
Length of the beam L = 12 Ft 
Base of each beam b = 1 in 
Young’s Modulus E = 3010e6 psi 
Total height of the building = 48 Ft 
Height of each floor = 12 Ft 
Each bay width = 24 Ft 
Number of stores = 4 
Size of beam = (0.25×0.35) Ft 
Size of column = (0.3×0.5) Ft 
Grade of concrete = AA4000 psi 
Modulus of elasticity = 30×106 psi 
Total mass of shear building = 80010e3lb 
First natural frequency = 3.0637 rad/s 
Moment of Inertia, I = 
1
12
(bh3)  
Equivalent stiffness of 4 beams, k = 
48EI
l3
  
  
From the equations of motions, we get, 
|
𝒎 𝟎 𝟎 𝟎
𝟎 𝒎 𝟎 𝟎
𝟎 𝟎 𝒎 𝟎
𝟎 𝟎 𝟎 𝒎
| |
𝒙?̈?
𝒙?̈?
𝒙?̈?
𝒙?̈?
|  + |
𝒌 −𝒌 𝟎 𝟎
−𝒌 𝟐𝒌 −𝒌 𝟎
𝟎 −𝒌 𝟐𝒌 −𝒌
𝟎 𝟎 −𝒌 𝒌
| |
𝒙𝟏
𝒙𝟐
𝒙𝟑
𝒙𝟒
| = |
𝟎
𝟎
𝟎
𝟎
|   
Let’s consider that the masses oscillate with the same frequency, w and different amplitude a1, a2, 
a3 and a4. 
|
𝒙𝟏
𝒙𝟐
𝒙𝟑
𝒙𝟒
| = |
𝒂𝟏
𝒂𝟐
𝒂𝟑
𝒂𝟒
| 𝐜𝐨𝐬(𝒘𝒕 − ∅) 
|
𝒙?̈?
𝒙?̈?
𝒙?̈?
𝒙?̈?
| = -w2|
𝒂𝟏
𝒂𝟐
𝒂𝟑
𝒂𝟒
| 𝐜𝐨𝐬(𝒘𝒕 − ∅)              [differentiating both sides] 
Substituting (2) in (1) we get: 
 Using Matlab, we find the following solution for mode shape and modal vector, 
Mode Shape, D =1.0e+03 |
−𝟗. 𝟖𝟎𝟏𝟖𝒆 − 𝟏𝟒 𝟎 𝟎 𝟎
𝟎 𝟎. 𝟐𝟖𝟏𝟒 𝟎 𝟎
𝟎 𝟎 𝟎. 𝟗𝟔𝟎𝟔 𝟎
𝟎 𝟎 𝟎 𝟏. 𝟔𝟑𝟗𝟗
|  
Modal Vector, V = |
−𝟎. 𝟓 𝟎. 𝟔𝟓𝟑𝟑 𝟎. 𝟓 −𝟎. 𝟐𝟕𝟎𝟔
−𝟎. 𝟓 𝟎. 𝟐𝟕𝟎𝟔 −𝟎. 𝟓 𝟎. 𝟔𝟓𝟑𝟑
−𝟎. 𝟓 −𝟎. 𝟐𝟕𝟎𝟔 −𝟎. 𝟓 −𝟎. 𝟔𝟓𝟑𝟑
−𝟎. 𝟓 −𝟎. 𝟔𝟓𝟑𝟑 𝟎. 𝟓 𝟎. 𝟐𝟕𝟎𝟔
|          (Eigenvector of the system) 
We received four natural frequencies for the four floors of the building using mode shape D. 
Natural frequency of 1st floor, W1= D (1, 1) = √(−𝟗. 𝟖𝟎𝟏𝟖𝒆 − 𝟏𝟒) = 0.0000e+00 + 3.1308e-07i            
Natural frequency of 2nd floor, W2= D(2,2) = √(𝟐𝟖𝟏) = 16.7740 
Natural frequency of 3rd floor, W3= D(3,3) = √(𝟗𝟔𝟎. 𝟔) =  30.9943 
Natural frequency of 4th floor, W4= D(4,4) = √(𝟏𝟔𝟑. 𝟗𝟗) = 40.4960 
Using the natural frequency and modal vector, the response of the system is analyzed and plotted 
with respect to time.  
The general equation of the response that is used to plot the response is given below, 
X (t) = Ar1cos (w1t-∅) + Ar2cos (w2t-∅) + Ar3cos (w3t-∅) + Ar4cos (w4t-∅) 
Here r1, r2, r3 and r4 are ratios of magnitude that can be calculated from modal vectors. A is the 
amplitude and ∅ is the phase angle. 
  
 
 
Figure 40 Response without Damper 
  
 
 
 
Figure 43 Response without Damper 
Figure 44
  
 
  
Figure 41 3
Figure 39 Response without damper 
2 Response without Damper 
  
4.5.2 Analysis of the Damped System 
 
Figure 45. Discrete model with damper ratio. 
|
𝒎 𝟎 𝟎 𝟎
𝟎 𝒎 𝟎 𝟎
𝟎 𝟎 𝒎 𝟎
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| |
?̇?𝟏
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?̇?𝟑
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| + |
𝒌 −𝒌 𝟎 𝟎
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The equation above is the general equation of displacement under damping conditions. We 
simplified the system and then calculated the natural and damped frequency for a single degree 
of freedom. 
 
Figure 46. Result responses without damper.    Figure 45 Response system with Damper 
 
 
 
  
  
Chapter 5 
Software Modeling 
Introduction  
5.1 Assumptions 
The DSF mass damper system is analyzed by simulating a 4 story linear shear building model with 
a 1% damper mass ratio (relative to the primary structural mass). 
Typically, mass damper systems use damper mass ratios less than 2%. This is because damper 
masses are kept small to avoid introducing extra weights to the structure. In the proposed system, 
DSFs are part of the existing architectural systems in a building and, thus, are not new weights to 
the structure. Building façade systems and their weights can vary significantly from one building 
to another.  
Given that they form the entire surfaces of buildings, building façades are not light, especially in 
DSF in which there are two layers of glasses. In this study, the author assumes the DSFs will 10% 
overall structural mass. 
 The model is fixed to the ground Joints are restrained for movement in the y 
direction, out of the plane.  
 Elcentro earth quake, applied as external load. Linear modal history step, modal 
damping is kept fixed at 0.5 
 The time step will be 0.02 seconds, same as the ground motion record, and to cover 
the 30-second-long ground motion 
  
 
 
5.2 Mechanical and Material Properties: 
 
Mass of each floor, m = 1 lb.   
Length of the beam, l = 12 ft. 
Base of each beam, b = 0.5 in 
Height of each beam, h = 0.5 in 
Young’s Modulus, E = 30*10e6 psi 
Moment of Inertia, I = 1/12(bh3)  
Equivalent stiffness of 4 beams, k = 
48EI/l^3   
Mechanical and Material Properties: 
 
Mass of each floor, m = 1 lb.   
Length of the beam, l = 12 ft. 
Base of each beam, b = 0.5 in 
Height of each beam, h = 0.5 in 
Young’s Modulus, E = 30*10e6 psi 
Moment of Inertia, I = 
1
12
(bh3)  
Equivalent stiffness of 4 beams, k = 
48EI
l3
  
Figure 47. 2-D Model. 
  
Table 1 Material Properties  - Basic Mechanical Properties 
Material Properties  - Basic Mechanical Properties 
Material Unit Weight Unit Mass E1 G12 U12 A1 
 Kip/ft3 Kip-s2/ft4 Kip/ft2 Kip/ft2  1/F 
4000PSI 1.5000E-01 4.6621E-03 519119.5 216299.7 0.2 5.5000E-06 
A615Gr60 4.9000E-01 1.5230E-02 4176000.   6.5000E-06 
A992Fy50 4.9000E-01 1.5230E-02 4176000. 1606153. 0.3 6.5000E-06 
  
  
 
 
 
  
 
Table 2 Frame Section Properties 
 Frame Section Properties 01 - General, Part 1 of 6 
Section Name Material Shape t3 t2 tf tw 
   ft ft ft ft 
Column A992Fy50 I/Wide Flange 1. 0.41667 0.03167 0.02083 
 
Frame Section Properties 01 - General, Part 2 of 6 
Section Name t2b tfb Area  I33 I22 I23 
 ft ft ft2 ft4 ft4 ft4 ft4 
Beam 0.41667 0.03167 0.0459 0.000011 0.007615 0.000382 0. 
 
Section Material Area Type Type Drill DOF Thickness Bend 
Thick 
Shell 4000Psi Shell Shell-Thin Yes 1. 1. 
  
 
 
Figure 46 Sap2000 Model 
 
Table 3 Active Degrees of Freedom 
Table:  Active Degrees of Freedom 
UX UY UZ RX RY RZ 
Yes No Yes No Yes No 
 
 
  
  
5.3 Assigning Loads and setting time history: 
 
 
Figure 47 Electro diagram Acceleration /Time. 
  
 
 
 
 
 
 
 
 
 
 
  
5.4 First Model: Building without façade with 0.5 damping ratio. 
 
Figure 50. First Mode Shape. 
 
 
Figure 51. Second Mode Shape. 
  
 
Figure 52. Mode shape 3. 
 
Table 18:  Modal Participating Mass Ratios 
OutputCase Step Period UX UY UZ SumUX SumUY SumUZ 
MODAL 1. 1.69763 0.97592 0. 0. 0.97592 0. 0. 
MODAL 2. 0.47620 0.02194 0. 0. 0.99787 0. 0. 
MODAL 3. 0.26578 0.00189 0. 0. 0.99975 0. 0. 
MODAL 4. 0.20029 0.00024 0. 0. 0.99999 0. 0. 
MODAL 5. 0.11515 4.817E 0. 0. 1. 0. 0. 
MODAL 6. 0.03954 8.446E- 0. 0. 1. 0. 0. 
  
Table:  Modal Periods And Frequencies 
OutputCase StepType StepNum Period Frequency CircFreq Eigenvalue 
   Sec Cyc/sec rad/sec rad2/sec2 
MODAL Mode 1. 1.697634 5.8906E-01 3.7011E+0 1.3698E+0 
MODAL Mode 2. 0.476205 2.0999E+0 1.3194E+0 1.7409E+0 
MODAL Mode 3. 0.265784 3.7624E+0 2.3640E+0 5.5886E+0 
MODAL Mode 4. 0.200299 4.9925E+0 3.1369E+0 9.8402E+0 
MODAL Mode 5. 0.115153 8.6841E+0 5.4564E+0 2.9772E+0 
MODAL Mode 6. 0.039545 2.5287E+0 1.5889E+0 2.5245E+0 
Table 4 Modal Participating Mass Ratios 
 
Figure 53. Response of building with 0.05 general damping ratio and without damping facade 
Model 2: Building with Façade 1 damping ratio 
  
  
5.5 Second Model: Building with façade with 0.5 damping ratio. 
 
 
Figure 54. Model 2 building with general 0.5 damping ratio and 1 facade damping ratio. 
 
 
Figure 55.  First mode displacement. 
  
  
Table 5 Modal Values 
OutputCase StepNum Period UX UZ SumUX SumUZ 
MODAL 1. 1.660678 0.98841 2.128E-10 0.98841 2.128E-10 
MODAL 2. 0.391101 0.01128 8.889E-09 0.99969 9.102E-09 
MODAL 3. 0.172201 0.00027 1.668E-08 0.99997 2.578E-08 
MODAL 4. 0.123499 2.733E-05 5.912E-07 1. 6.170E-07 
MODAL 5. 0.109117 5.229E-10 0.94532 1. 0.94532 
MODAL 6. 0.103062 4.330E-06 0.00013 1. 0.94545 
  
 
Figure 56. Second mode displacement. 
 
 
Figure 57. Third mode displacement. 
 
  
 
Figure 58. Respond of building with general damping 0.5 and facade damping 1. 
 
 
5.6 Third Model: Building with Façade 3 and Building with 0.5 damping ratio. 
 
Figure 59. Building with 0.5 general damping ratio and self-weighted facade with %1 building mass - displacement at first mode. 
 
 
 
  
Table 6 Modal Participating Mass Ratios 
Table 18:  Modal Participating Mass Ratios 
OutputCase StepNu
m 
Period UX UY UZ SumUX SumUY SumUZ 
  Sec       
MODAL 1. 1.16734 0.98833 0. 1.104E- 0.98833 0. 1.104E- 
MODAL 2. 0.29474 0.01072 0. 1.149E- 0.99905 0. 1.259E- 
MODAL 3. 0.15379 0.00085 0. 4.012E- 0.9999 0. 4.138E- 
MODAL 4. 0.11196 0.0001 0. 2.539E-
05 
1. 0. 6.677E-
05 
MODAL 5. 0.06256 1.152E- 0. 0.03722 1. 0. 0.03728 
MODAL 6. 0.02736 1.452E- 0. 0.00169 1. 0. 0.03898 
 
Figure 60. Response of building with façade and damping ratio.  
  
Chapter 6 
Conclusion and future study 
Introduction 
In this paper a methodology for designing multiple tuned mass damper for reducing building 
response motion has been discussed.  
Simplified linear mathematical and analytical models were excited by 1940 El Centro earthquake 
and significant motion reduction was achieved using the proposed design technique. 
The effects of TMD, MDM and SDF on the modal responses of a four-story building structure 
were studied. 
The proposed procedure is applied to place the outer skin façade as an auxiliary damper on the 
four-story building. Adjust the damper ratio connections for maximum reduction of the 
accelerations under a stochastic seismic load and earthquake records. 
6.1 Numerical Results  
Numerical simulation has been performed and compare the frame response with effect of uniform, 
non-uniform, double skin façade variation of mass ratio of MTND and variation of damping ratio 
of DSF. 
 Show that the proposed model was able effectively reduce the acceleration of the 
uncontrolled structure by 25-40% more than a classic DMDs. 
 Time-history analyses indicate the multiple dampers weighing 1% of total structural weight 
can reduce the ﬂoor acceleration up to 40%. 
  
 In mathematical simulation of earthquake records, a 4-story structure with DSF was shown 
higher mass ratio of outer façade decreased vibrations considerably.  
6.2 Software Modeling  
Furthermore, linear time history analysis of the frame has been done at each time step by using 
modeling in sap2000 software (New marks Beta method). From study these results can be 
concluded: 
 A flexible DSFs with proper damping ratio significantly reduce structure motions when 
subject to earthquake excitation.  
 The MTMD with non-uniform distribution of mass ratio is more effective than single TMD 
same mass ratio.  
 Flexible outer Façade in DSF with ~ %1 of total primary building weight ratio, is 
significantly more effective to decrease the structural frequency compare to MTMD with 
uniform mass. 
 The response of the frame building shows the mass of primary building has no effect on 
the variation of damping ratio. 
Future work should include studying the adaptability of the DSF-damper system to different types 
of excitations.   
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